The ionization gauges TOTAL and its improved version CONE are designed to measure neutral air density on a sounding rocket at very high spatial resolution and precision. Time constant of the CONE instrument is 0.3 ms which results for a typical rocket velocity of 1000 m/s in an altitude resolution of ∼30 cm. The very high precision of the density measurements allows to catch density fluctuations of 0.05% and, therefore, derive power spectrum that covers both inertial and viscous subranges of turbulence spectrum. This, in turn, makes it possible to precisely derive turbulence energy dissipation rate using spectral model technique. Absolute laboratory calibrations of the ionization gauges allow to derive absolute density. Because of the pronounced spin modulation of the measurements, the density profile has to be smoothed, which reduces the altitude resolution of the absolute density measurements to ∼200 m. Assuming hydrostatic equilibrium, the density profile can be integrated yielding neutral temperature profile with ∼200 m altitude resolution and precision of ∼4 K.
Aim of the Instruments (Scientific Motivation)
The mesosphere/lower thermosphere (MLT) region (roughly from 50 to 120 km) is of great scientific interest, since it is coupled to the atmospheric layers above and below. On the one hand, dynamical processes propagating upward from the troposphere reach mesospheric heights and influence MLT dynamics. On the other hand, solar radiation penetrates down to MLT altitudes and also influences temperature, dynamics, and composition of this region. Also, through the circulation processes the MLT is dynamically coupled to other atmospheric layers. For a text book introducing the physical and chemical concept of this altitude region see Brasseur and Solomon (2005) .
Different scale processes from centimeters up to thousands of kilometers are ultimately interconnected. This chapter describes a technique to measure small-scale structures with characteristic length scales from centimeters to some kilometers. The small-scale processes that create such structures play an essential role in the atmosphere. The behavior of the entire atmospheric system can only be understood if accounting for small-scale processes. For a detailed textbook on atmospheric dynamics see Holton (2004) . The small-scale structures appear as a result of dynamical processes like turbulence or wave breakdown of e.g., gravity waves or plasma waves.
Special atmospheric conditions, in particular temperature structure, at polar MLT region give rise to striking phenomena such as noctilucent clouds (NLC) and polar mesospheric summer echoes (PMSE). These phenomena are not only interesting in their own, but they are also important indicators of anthropogenic impacts on our atmosphere. Both phenomena are closely related to the existence of ice par- Copyright c TERRAPUB, 2013. ticles whose genesis crucially depends on atmospheric water vapor content and temperature. Indeed, global satellite observations going back to 1979 appear to indicate trends in both NLC brightness and occurrence rate (DeLand et al., 2007; Shettle et al., 2009) . Concerning NLC, detailed knowledge of the temperature profile seems to be the deciding factor in clarifying their origin. PMSE, in turn, are further related to MLT turbulence that creates structures in electron densities which produce radar echoes.
In summary, to study MLT dynamics or PMSE it is important to measure turbulence at those heights. To investigate NLC and PMSE it is necessary to measure temperatures with high resolution. In this chapter we describe an in situ technique to measure densities and temperatures of neutral air as well as turbulence energy dissipation (or heating) rate in the MLT region with high precision and high altitude resolution. The only way to conduct in situ measurements in the MLT region is to use sounding rockets. This in turn imposes specific requirements for technical realization of the instruments.
Since 1990, a total of 24 sounding rockets have been launched by Bonn University carrying ionization gauges to measure neutral density and its small scale fluctuations to determine turbulent parameters. Assuming hydrostatic equilibrium, the density profile can be converted to a temperature profile with an altitude resolution of ≈200 m. This is by far the highest resolution available at these altitudes.
Existing in situ techniques
Regarding in situ methods, density and temperature measurements in the MLT region have efficiently been done with the Falling Sphere (FS) technique (e.g., Meyer, 1988; Schmidlin, 1991; Schmidlin et al., 1991; Lübken, 1999; . This method is based on measurements of deceleration of a sphere ejected from a sounding rocket at heights between 80 and 110 km which is tracked by a ground-based radar when falling through the atmosphere. This technique however, has an altitude resolution of several kilometers only, which is not sufficient for investigation of small-scale MLT phenomena such as NLC or PMSE. In response to the need of high-resolution density and temperature measurements, the atmospheric physics group at Bonn University started the development of an ionization gauge based instrument called "TOTAL" in the end of the 1980s (Lübken, 1987) . The name TOTAL means that the instrument aims to measure the total number density of the atmosphere. TOTAL yields measurements of absolute number density, neutral temperature, and turbulence parameters (Hillert et al., 1994) .
Turbulence in the MLT region was also investigated by measuring positive ion density fluctuations using fixed biased Langmuir (electrostatic) probes e.g., (Thrane and Grandal , 1981; Thrane et al., 1987; Blix et al., 1990a, b; Blix and Thrane, 1991) . It was shown that the plasma−namely, electrons and positive ions−can be affected by non-turbulent processes like enhanced recombination of electrons with cluster ions (Röttger and La Hoz, 1990) , the effect of charged ice particles in PMSE (Cho et al., 1992) , or plasma instabilities (Blix et al., 1994) .
In 1992, the TOTAL instrument was revised and an improved ionization gauge CONE ("Combined sensor for Neutrals and Electrons") was developed (Giebeler et al., 1993) . The time constant of the new instrument was decreased from 4.5 ms (TOTAL) to 0.3 ms by employing an open geometry for the instrument's sensor. Just like TO-TAL this instrument was also developed in the atmospheric physics laboratory of Bonn University, which then moved to the Leibniz-Institute of Atmospheric Physics. The CONE was successfully used in more than 30 sounding rocket flights. Both ionization gauges took data at a frequency of ∼3 kHz resulting in an altitude resolution of ∼0.3 m for a typical rocket velocity of 1000 m/s, used for turbulence measurements. However, due to the spin modulation the data must be averaged resulting in an effective altitude resolution of ∼200 m for the total number density measurement (Rapp et al., 2001 ).
Principle
The technique we describe here utilizes the CONE instrument carried by a sounding rocket. CONE measures neutral and electron densities at the same time. Basically, CONE consist of two parts: A fixed biased Langmuir probe to measure electron density and an ionization gauge for neutral density measurements. The first utilizes a well known technique widely used on sounding rockets to measure both electron and ion density with very high altitude resolution and precision. This probe is described in detail elsewhere (Blix and Thrane, 1993; Giebeler et al., 1993) . The second part of the CONE instrument, the ionization gauge is described in detail in this chapter. The geophysical parameter that is directly measured is number-density of neutral air. However, since the Earth's atmosphere at MLT heights can most often be considered to be in hydrostatic equilibrium, it is straightforward to derive temperature profiles from measured densities (see Section 3.1). Moreover, since smallscale fluctuations of neutral density are good tracers for turbulent motions, the small-scale part of measured densities is used to derive turbulent parameters. To summarize, the CONE instrument ultimately yields measurements of 1) absolute neutral densities, 2) neutral temperatures, 3) neutral air turbulence, and 4) electron densities.
Instrument
A photograph and drawing of the entire CONE instrument are shown in Fig. 1 . It includes the sensor mounted on a flange, a vacuum-tight cover for the sensor, electronics, and a metal cylinder wich is the housing for the electronics. The sensor is directly mounted on the electronics to reduce noise that can be introduced to the measured currents before they reach the electronics. The electronics and sensor are fixed on the flange which, in turn is mounted on the cylinder.
The sensor has to be covered by a cap under which a high vacuum (∼10 −8 mbar) is permanently supported by a small ion getter pump (IGP). This is done because it is necessary to run the instrument on the ground to ensure that instrumental parameters such as emission current, anode and shielding voltages, and electrometer's noise level have their nominal values and are stable. For turbulence measurements it is especially important to ensure that the emission current from the filament, that is the electron source for the gauge, is constant. The filament (cathode) used for thermal electron emission in ionization gauges can only survive under pressures below ∼1 mbar. CONE is switched-on at about two minutes before lift-off. During the upleg of the rocket flight at about 60 to 70 km altitude the cap of the CONE is opened (usually it is pulled-off by the rocket motor wich is separated from the payload at that point). To protect the sensor against mechanical damage the three guiding rods are used which, when the sensor is opened, are pulled out by springs (see Fig. 1 ).
Sensor
A schematic and photograph of the CONE sensor is shown in Fig. 2 . The outermost grid of the CONE instrument (marked by number 5 in Fig. 2 ) is positively biased. Therefore, it attracts negatively charged atmospheric constituents. Obviously, this grid also works as a shield for positive ions. The next grid (number 4) is negatively biased and hence shields the ionization gauge against the rest of the ambient plasma. The innermost cathode, collecting electrode, and anode (numbers 1, 2, and 3 in Fig. 2 , respectively) complete the ionization gauge itself. The outermost grid of CONE (electron collector) and the inner grid of the ionization gauge (ion collector) are connected to sensitive electrometers. The currents measured by these electrometers are therefore proportional to local electron and neutral number density, respectively. Fig. 3 shows the principle of operation of the ionization gauge which is the same for both the TOTAL and CONE instruments. The cathode is heated by a self-regulated circuit with voltage U H = 2 V. It emits electrons that are then accelerated by the anode voltage U A which is adjustable in the range from 60 to 150 V. Accelerated electrons ionize neutral molecules by collisions and the anode collects the electrons from the measurement volume. Positive ions are collected by the ion collector and produce the electrometer current I elm which is proportional to the local neutral number density. The cathode voltage U K is adjustable in the range from 2 to 30 V to regulate the emission current, I H , which is measured and automatically regulated to be constant.
All the adjustable parameters are optimized in the laboratory and are verified by comparing the rocket soundings with other measurements (e.g., falling sphere). Table 1 summarizes the most important technical data of the two ionization gauges (CONE and TOTAL) as used during all rocket flights. The altitude resolutions given in Table 1 are only valid for the determination of relative density fluctuations n = (n − n ref )/n ref (see Section 3.2). For absolute densities and temperatures, the altitude resolution reduces to ∼200 m because the measured currents have to be averaged over at least 0.2 s to avoid the spin modulation (see above).
Electronics
The block-diagram of the entire CONE experiment is shown in Fig. 4 . This electronics was built by the German company "von Hoerner-Systems". It consists of three modules: Emission current regulator, electrometer, and a power supply for the IGP. The ion collector of the ionization gauge is connected to the autoranging electrometer amplifier that yields the neutral density measurements. The electrometer's amplifier automatically switches between five ranges changing the sensitivity by a factor of eight. The overall sensitivity ranges from 4 nA to 4 nA×8 4 = 16.4 µA. All the measured voltages and currents are internally digitized with 16 bit resolution. The analog-digital converter has a time resolution of better than 0.1 ms and a noise level (RMS) of better than 2 pA. Such low noise level and high speed of operation make it possible to measure tiny density fluctuations of a magnitude of ∼0.05% at spatial scales down to 1 cm.
Position on payload
The most favorable position to mount the CONE experiment on a sounding rocket is along its symmetry axis. The best quality data are obtained by facing CONE in the ram. It is prescribed by the aerodynamics of the rocket flight be- Table 1 . Technical data of the TOTAL and CONE ionization gauges. cause the shock front that appears due to high rocket velocity (Ma ≈ 3) can be more precisely simulated and/or measured in a wind-tunnel for those conditions (see Section 3.1). Most often the CONE experiment was mounted on the rear deck so that it was in the ram during the descent of the spin-stabilized sounding rocket. Fig. 5 shows the ECOMA payload that was launched nine times in the time period from 2006 to 2010 (e.g. Rapp et al., 2010) . CONE was mounted on the rear deck of the 14-inch payload. This implies that the best quality data was measured on the descending part of the rocket trajectory.
Geophysical-data Reduction
The high precision and small time constant of the CONE instrument make it possible to detect small-scale density fluctuations in both species (neutrals and electrons) that arise due to processes like neutral air turbulence or plasma instabilities e.g., (Blix et al., 1994) . Making use of an absolute laboratory calibration for the CONE instrument allows derivation of an absolute neutral air density altitude-profile (Rapp et al., 2001) . Because the density filed is disturbed due to shock front effect, an aerodynamical correction must be applied to arrive at the absolute ambient density measurements (Rapp et al., 2001 ). This, however, does not affect the measurements of the small-scale density fluctuations, which are used to detect turbulence. In addition, the height profile of neutral number densities is integrated to yield a temperature profile at ∼200 m altitude resolution and an accuracy of ∼3 K (Rapp et al., 2001 .
Absolute density and temperature
To derive absolute densities from the measured electrometer current, one has to apply laboratory calibrations. The calibrations are performed in a vacuum chamber where simultaneous measurements by both CONE and an absolute pressure standard, e.g. a baratron, are made at different pressures. The pressures are converted to number-densities using the temperature of the calibration chamber applying the ideal gas equation. Fig. 6 shows an example of a calibration curve.
While the procedure to derive absolute number densities from the ionization gauge current works well in the laboratory where the gas enters slowly into the measuring volume, densities are modified if the gauge is mounted on a sounding rocket. These rockets typically move at a speed of several times the speed of sound. A shock front develops in the front of such payloads leading to a disturbed density and temperature field around the vehicle. Thus the density measured by CONE or TOTAL is enhanced relative to the ambient density by a ram-factor f ram defined as n meas = f ram · n amb , where n meas is the density measured by the instrument and n amb is the undisturbed atmospheric density. For a general discussion of the influence of aerodynamics on rocket-borne in situ measurements in the middle atmosphere the reader is referred to Bird (1988) and Gumbel (2001) and, specifically for the CONE instrument to Rapp et al. (2001) .
The ram-factors for the CONE were experimentally determined in a wind tunnel of the Facility for Rarefied, Supersonic, and Reactive Flows at the Laboratoire d'Aerothermique du CNRS at Meudon (France) by exposing CONE directly to the supersonic jet. However, the experimental results for the ram factors cannot directly be applied to atmospheric flight conditions because the temperatures in the wind tunnel flow field are different from the atmosphere in the MLT region.
The robust and to date best way to determine the ramfactor for a particular sounding rocket configuration and atmospheric flight conditions is to use the Direct Simulation Monte Carlo (DSMC) method (Bird, 1988) . For the CONE instrument the DSMC results were compared with experimental values and a satisfactory agreement was found (Rapp et al., 2001) .
Assuming hydrostatic equilibrium, a measured density profile converted to a temperature profile:
where g(z) is the gravitational acceleration, k B is Boltzmann's constant,m(z) is the mean molecular mass of atmospheric air, and n(z) is the number density at altitude z. Note that the temperature at the upper altitude limit z 0 , T (z 0 ), has to be known and is normally taken from a reference atmosphere like CIRA86 (Fleming et al., 1988) or MSISE90 (Hedin, 1991) . However, as atmospheric density increases exponentially with decreasing altitude, the error due to the uncertainty in the T (z 0 ) decreases exponentially with decreasing altitude. There are several error sources which contribute to the total error of the final temperatures from ionization gauge measurements in the middle atmosphere. First, the error of the density measurement itself is directly imprinted onto the temperature data (see Eq. (1)). This error is directly given by the error of the laboratory calibration. In the lab- oratory, the ionization gauge current is measured simultaneously with the pressure measurement of a high quality, temperature-stabilized, baratron. Fig. 6 shows the result of such a calibration measurement. In the upper panel the CONE current is shown as a function of density/pressure which was measured with the baratron. To convert measured currents from the sounding rocket flights to atmospheric densities, a polynomial is fitted to the calibration data. The lower panel of Fig. 6 shows the percental difference between the fit and the data. These residuals are a direct measure of the error of the atmospheric density measurement. For the relevant pressure range from 10
to 0.1 mbar-equivalent to atmospheric altitudes from 105 to 70 km a "typical" density error is 2%. At altitudes above 100 km the temperature error is governed by the uncertainty in the initial temperature value. This uncertainty rapidly diminishes with decreasing altitude (see Table 2 ). Thus, assuming an uncertainty of 25 K at 110 km, this error has dropped to 4 K at 100 km, 1.5 K at 95 km and 0.2 K at 90 km. While most of the flights with either CONE or TOTAL reached an apogee of ∼130 km the starting point can not be chosen at that altitude because above 110 km the significant abundance of atomic oxygen leads to additional uncertainty. Therefore, the upper altitude limit of the temperature retrieval is chosen to be 110 km below which the abundance of atomic oxygen is negligibly small.
Regarding the error introduced by the ram factor, it has to be noted that a constant factor in the ram factor does not influence the result of the temperatures. This is because the temperature given by Eq. (1) does not depend on the absolute density n(z) but only on a relative density profile n(z)/n 0 . Thus the ram factor introduces an error to the temperature measurement only if its gradient (d f ram /dz) is erroneous. Table 2 summarizes the error analysis for temperatures. In order to clarify which specific error source dominates the total error at different altitudes, both the error from the density measurement and the error of T (z 0 ) are given.
Turbulence
The primary steps of our turbulence detection technique are the following. The measured current I (t) as a function of flight time t at altitudes between ∼70 and ∼110 km is converted to relative density fluctuations, also called residuals, r (t), which are determined as:
where the reference current I re f (t) can be derived either by a polynomial fit to the measured current I (t) or as a running average of the measured time series I (t) (Blix et al., 1990a; Lübken, 1992) . This conversion procedure is demonstrated in Fig. 7 . The resultant residual fluctuations (shown in the right panel of Fig. 7 ) are then used as a tracer for turbulence. To derive turbulent energy dissipation, ε, from our measurements we use the spectral model method introduced by Lübken (1992) . The spectral model is based on the fact that power spectral densities of spatial turbulent tracer fluctuations are given by a theoretical function that covers both the inertial and the viscous part of the spectrum. It turns out that a break in the spectrum occurs at the transition between these turbulent subranges. This break is given by ε and ν only (ν is kinematic viscosity determined from background densities and temperatures). The theoretical function is fitted to the measured spectrum which determines the break. This in turn is used to unambiguously derive ε. To be able to apply the spectral model method, one needs to have measurements that resolve both the inertial and viscous subranges of the turbulence energy spectrum. For mesospheric studies, this means that we need to resolve spatial structures from some meters to approximately one kilometer (see e.g., Lübken, 1992; Lübken et al., 1993; Lübken, 1997) .
In the following an example of the spectral model method is given. First, a power spectrum of the measured residuals is calculated. Either a Fourier spectrum of a wavelet spectrum is used (Lübken, 1997; Strelnikov et al., 2003) . The advantage of the wavelet technique is that in contrast to the Fourier analysis, which decomposes time series into a sum of the infinite in-time harmonic functions, namely sine and cosine, the wavelet analysis decomposes the signal into the time-frequency domain, also referred to as the phase space (e.g. Holschneider, 1993) . That is, it allows the detection of the time intervals where detected frequencies appear in the time series. For the description of the basic principles, mathematical details, and different applications of the wavelet analysis the reader is referred to e.g., Daubechies (1992) , Foufoula-Georgiou and Kumar (1994), Kumar and Table 2 . Temperature errors as a function of altitude. Both the error due to the uncertainty of the density measurement T n and the error due to the initial temperature value T (z 0 ) at the upper end of the temperature profile T 0 , and also the total error T tot are given. (2) for the conversion to the residuals. Right panel: Residuals r (t) resulting from the current conversion (Eq. 2). Fig. 8 . Global wavelet power spectra of two 100 m sub-bins within a 1 km bin taken at the 85 km altitude. The dotted profile shows the Fourier power spectrum of the entire 1 km bin. The bold grey profile shows the global wavelet spectrum of the entire 1 km bin. The bold red profiles represent the global wavelet spectra of the 100 m sub-bins. The dashed curves show the fitted spectral model of Heisenberg (1948) to the spectra of the 1 km bin and to the 100 m sub-bins in black and red, respectively. The vertical dash-dotted lines marks the inner scales, l H 0 , derived from the fit for the spectra of 1 km and 100 m in black and red, respectively. Foufoula-Georgiou (1997), Torrence and Compo (1998) . A theoretical spectrum according to Heisenberg (1948) is fitted to the measured spectrum. In the inertial subrange this model exhibits the classical k −5/3 power law, and in the viscous subrange this model obeys the k −7 power law. Between these subranges a smooth transition takes place.
The Heisenberg power spectrum looks as follows: where is the Gamma function ( (5/3) = 0.902745) and v R is the rocket velocity. f is frequency measured in the reference frame of the sounding rocket. ε is the turbulent energy dissipation rate, and N ϑ is the variability (or inhomogeneity) dissipation rate (see Lübken, 1992 Lübken, , 1993 , for more detailed explanation). f a is a normalization factor (we use f a = 2). The constant a 2 = 1.74 was obtained from laboratory experiments (see e.g., Lübken, 1992 Lübken, , 1993 Lübken, , 1997 . The bold symbols denote the measured quantities. Two values ε and N ϑ are the unknowns that characterize turbulence and are the final output of this technique. For more details on general turbulence theory see textbooks by Batchelor (1953) , Tatarskii (1971) , Tennekes and Lumley (1972), Frisch (1995) , Pope (2000) or specifically, on atmospheric turbulence, Zimmerman and Murphy (1977) .
The kinematic viscosity ν is calculated from measure- ments of neutral temperature and density as recommended by the US Standard Atmosphere (Sissenwine et al., 1962) :
where µ is the dynamic viscosity, ρ is the mass density of the air, T is temperature, S = 110.4 K is Sutherland's constant, and β = 1.458 · 10 −6 kg/(s·m·K 1/2 ) is another experimental constant. Figure 8 demonstrates the fitting procedure. The entire altitude bin of 85±0.5 km is used for fitting (data in grey and fit in black, same in left and right panel). Furthermore, we have used different altitude bins of 100 m size only (data: red solid line, fit: red dashed line). Vertical dashdot lines mark the derived inner scale, that is transition between inertial and viscous energy subranges as well as the dissipation rates, ε, are shown in each case (black for 1 km bin, red for 100 m bins).
As can be seen, the global wavelet spectrum of the entire altitude bin (grey bold profile) gives us the smoothed version of the Fourier power spectrum (Torrence and Compo, 1998) . After the fitting of a theoretical spectrum (black dashed line) this yields the same turbulent characteristics as our Fourier technique does. However, because the wavelet analysis resolves the high-frequency (small-scale) part of the spectra in time (altitude) much better that the lowfrequency (large-scale) part, the viscous subrange of the turbulence spectra changes within shorter altitude ranges. It is seen that the dissipation sub-range of the 100 m-spectra changes around the mean power spectrum (grey bold profile in Fig. 8 ) to the both sides, to the stronger and to the weaker turbulence (smaller and larger scales). This demonstrates difference in resolution of the old and the new analysis techniques.
In summary, the standard technique that utilizes the Fourier spectral analysis was applied to derive the turbulence energy dissipation rate up to the year 2001. This technique yields altitude resolution for the ε-values of ∼1 km. The improved analysis technique (since 2002) that utilizes the wavelet analysis yields effective altitude resolution of ∼100 m (Strelnikov et al., 2003) . Table 3 summarizes measurements performed by the atmospheric research groups from Bonn University and Leibniz-Institute of Atmospheric Physics using the both ionization gages TOTAL and CONE. The total listing comprises 19 TOTAL and 20 CONE measurements. All this flights yielded successful turbulence, i.e., relative density fluctuations measurements. However, as mentioned above, for the absolute density measurements a good and stable flight conditions are required. That is why some of the flights in Table 3 did not yield reliable density/temperature measurements.
Obtained Results
An overview of the measured density and temperature profiles is shown in Fig. 9 for summer, winter, and interseasonal measurements in red, blue, and green, respectively. Energy dissipation rates measured in summer for the years up to 1999 were published by Lübken et al. (2002) and winter measurements up to 1994 were published by Lübken (1997) . Those works, used an analysis technique resulting in 1 km altitude resolution. The entire scope of turbulence measurements up to 2010 is summarized in Fig. 10 , also for summer, winter, and interseasonal measurements, respectively, and also with 1 km resolution. Additionally, mean profiles smoothed over five points are shown.
The most important results obtained with CONE and TO-TAL are:
• Invention of spectral model technique for the precise determination of ε • First reliable climatology of turbulent energy dissipation at polar latitudes (Lübken, 1997) • Summer climatology of turbulence and its relation to PMSE • Characterization of mesospheric turbulence during the Arctic spring transition • Implications of MLT turbulence for gravity wave dissipation and its connection to the residual circulation (Rapp et al., 2004) • Improved turbulence analysis technique yielding 100 m altitude resolution (Strelnikov et al., 2003) • Increased precision of absolute density and temperature measurements by obtaining ram-correction factors (Rapp et al., 2001) • High resolution temperature measurements show that small-scale temperature variations play a key role in the NLC formation process • Simultaneous measurements of mesospheric temperature inversion layer and turbulence at equatorial latitudes (Lehmacher et al., 2006) • First in situ turbulence measurements at 79
• N (Strelnikov et al., 2006) 
Summary and Outlook
Regarding technical specifications, the advantages of the CONE instrument are:
• High sensitivity enables to detect very small density changes down to 0.05% • Small time constant 0.3 ms provides ability to achieve very high spatial resolution on a sounding rocket Apart from the technical side, CONE is a unique instrument that is able to measure neutral air density with unprecedented spatial resolution. This is a prerequisite to derive turbulence parameters applying spectral model technique. Note, that this technique requires that energy spectrum has to be resolved in wide range of scales: from the smallest (∼tens of centimeters) to about one kilometer. Also the altitude resolution of the derived temperature profile is very high. It is scientifically important (e.g., for gravity wave studies) to be able to resolve small-scale temperature perturbations at short time scales. CONE is so far the only instrument that does this job well in the height range from 70 to 110 km. However, CONE has also some complications.
• It needs careful treatment during launching and countdown due to high vacuum in the sensor volume, which is protected by the cap. For example, the internal pump (IGP) must run permanently, also during the rocket assembling and tests.
• The size and weight of the entire CONE experiment are relatively large. It can only be launched on a big sounding rocket.
• Turbulence measurement loses sensitivity in the presence of a near adiabatic laps rate.
The obvious future improvement that is foreseen is miniaturization. Together with other technical efforts this can bring new scientific insights in turbulence studies. We plan to eject several mini-CONEs from one rocket and probe turbulence structures in several points and thereby measure the three-dimensional distribution of turbulent density fluctuations. We also consider to launch CONE on small meteorological rockets which are much cheaper than sounding rockets. This would allow to derive more detailed temperature climatology and a good statistics for MLT turbulence.
